A closed breathing circuit of small volume, similar to that described by Figure 1 , has been extensively used in recent years (Van Slyke and Binger (1), Anthony (2), Christie (3), Sendroy, Hiller and Van Slyke (4)), particularly for the determination of residual lung volumes.'
A closed breathing circuit of small volume, similar to that described by Figure 1 , has been extensively used in recent years (Van Slyke and Binger (1), Anthony (2), Christie (3), Sendroy, Hiller and Van Slyke (4)), particularly for the determination of residual lung volumes. ' It has been generally assumed (1) , that after a preliminary period of several minutes of quiet breathing, during which redistribution of gases between lungs and spirometer takes place, the concentration of any inert gas then becomes equal throughout the various parts of the system, and 1The terminology employed in these papers is that given by Christie. By " functional residual air " is meant the volume of air remaining in the lungs at the end of a normal quiei, expiration. B thereafter remains equally distributed (except for a constant slight excess concentration of inert gases in the lungs, so long as the R.Q. is less than 1). The concentration of all inert gases would, of course, gradually increase in the system as the total volume of the system diminishes due to absorption of oxygen.
In order to test this assumption, and more generally to obtain some further information as to the distribution of respiratory gases in the lungs, we have attempted to follow the progressive changes in inspired and expired air gases, during the course of quiet breathing over a period of several minutes in a small closed breathing circuit.
The apparatus, described in Figure 1 , is essentially that used by Christie (3) for the determina- tion of functional residual air, with certain additions: (a) sets of evacuated gas sampling tubes are attached to the inspiratory tubing (at A), and to the expiratory tubing (at B); (b) a side tube leads off from a three-way valve, between inspiratory flutter valve and mouthpiece, for the collection of alveolar air samples; (c) a shut-off valve is interposed between expiratory tube and soda lime bottle. The volume of the dead space of this breathing circuit, as measured by Christie's method, was 1830 cc. The method, briefly stated, was to fill the spirometer with a measured volume of oxygen, to have the subject breathe through the circuit until redistribution of inert gas (nitrogen) between lungs and spirometer was completed; then to take simultaneous samples of inspired and expired air, at successive intervals during this subsequent equilibrium period. Our interest lay in the nature of the equilibrium state existing after the initial redistribution of gases was completed.
The time required for redistribution of inert gases between lungs and spirometer in an apparatus of this kind has been estimated by Van Slyke and Binger (1) to be about 5 minutes. These investigators used a hydrogen-oxygen mixture in the spirometer, and found that at the end of 5 minutes of normal quiet respiration, the N2/H2 ratio in the spirometer reached a level which thereafter remained essentially constant.
The details of technique in our experiments were as follows. With the subject (usually under basal conditions) attached to the apparatus by mouthpiece and noseclip, and breathing room air through Valve I, samples of alveolar air were first taken by having him make a single forced expiration through Valve III and the side tube, Valve I being turned from room air to apparatus. When respiratory equilibrium was again established (after 3 minutes), Valve I was turned, at the end of a normal expiration, and the subject then breathed for 8 minutes in the closed circuit. During this time oxygen was, of course, being absorbed from the system, and the oxygen concentration was therefore progressively decreasing. The course of respiration and of oxygen consumption was recorded on the drum.
At the end of 6 minutes' breathing, a sample of air was taken, during the course of an expiration, at A. This was the air which was to be inhaled at the next following inspiration. The subject was then allowed to take this next inspiration. At the end of the immediately following expiration, an expiratory sample was taken at B. Thus, in the A and B samples, as taken, we had essentially the composition of an inspiratory sample of air, and of the last part of the next following expiration.
The A sample would, of course, represent the exact composition of all the inspired air of the next breath, only if the composition of air were constant along the whole inspiratory tube, from spirometer to mouthpiece, and if the volume of inspired air equalled the volume of this inspiratory tubing. The results of a typical experiment, with the normal subject A.C., are given in Table I . The first horizontal row of figures shows the concentrations of gases in the alveolar air sample taken while the subject breathed room air; the "A sample " here represents room air, the "B samnple " alveolar air. It will be seen that expired nitrogen concentration is greater than inspired nitrogen concentration, as one would expect.
The next three horizontal rows of figures give the concentrations of gases in inspired (A) and expired (B) samples, at the end of 6, 7 and 8 minutes' breathing, in the closed circuit, during which time the oxygen concentration in the system was steadily decreasing, and nitrogen concen- tration increasing. It will be seen that in these samples, expired nitrogen concentration is less than inspired nitrogen concentration. The differences are given in the last column on the right. Associated with this decrease in expired nitrogen concentration is a relative increase in expired oxygen concentration, so that the R.Q. as measured is greater than 1.
One's first thought in attempting to explain the excess of inspired over expired nitrogen, and the high R.Q., is that the subject was hyperventilating. From other data in the experiment, this +1.0, -Inspired minus Expired N2°/°0 -1.0 -2.0 seems unlikely: as the expired CO2 values were not low, were in fact near the alveolar CO2 levels; the alveolar CO2 at the end of the breathing period was not lower than at the beginning; and the total volume of ventilation was low. This question was, however, decided by experiment. Two further sets of breathing experiments were run, on each of two normal subjects, using the same apparatus: one set in which the inspired air was kept constant in composition; and the other in which the inspired air was increasing in its oxygen concentration during the 8 minutes of breathing. The first was arranged by removing the spirometer bell, having the subject inspire room air through the inspiratory (A) tube, and collecting expired air as it issued from the expiratory tubing. The second was carried out by running oxygen into an opening in the expiratory tubing at a constant rate of 500 cc. per minute.
In both these two accessory experiments it was found that the nitrogen concentrations of the expired air samples were regularly greater than those of the inspired air. Figure 2 shows the results of the three sets of experiments. In the first, with progressively decreasing inspired oxygen, expired nitrogen concentration is less than inspired nitrogen concen- tration; in the other two, with constant or increasing inspired oxygen, expired nitrogen is the greater. The alveolar air sample taken at the end of the 8th minute shows a similar effect, though in the decreasing oxygen experiment the nitrogen deficit is less marked. Some of this relative increase in expired nitrogen in the alveolar samples is due to the extra time (about 5 seconds) required for a complete forced expiration, with further concentration of nitrogen in the lungs in this interval.
The true explanation of this qualitative shift in nitrogen concentrations, in the decreasing oxygen system, is not difficult. If one has a volume of 1 liter of a gas mixture of 50 per cent oxygen and 50 per cent nitrogen, then adds to this liter a volume of 200 cc. of 45 per cent oxygen and 55 per cent nitrogen, the resulting concentrations of gases in the whole 1200 cc., after mixture, will be approximately 51 per cent nitrogen and 49 per cent oxygen (Figure 3) . A mixed sample removed will, of course, have the same concentration.
In instance have had higher oxygen and lower nitrogen concentrations than in the immediately preceding inspired sample.
Granting the above principle, one must next inquire whether in the actual breathing circuit which we have employed, the " oxygen storage effect " will be quantitatively sufficient to explain the experimentally found excess of inspired over expired nitrogen concentrations.
If we take figures from a group of experiments performed with normal subjects we find that the average change in composition of inspired air per breath is -0. Using these figures we wish to calculate the gaseous composition of a series of expired breaths; as successive inspired breaths are inhaled, mixed with existing pulmonary air, and again exhaled; each inspired breath containing 0.25 per cent more N2 than its predecessor.
For convenience we will arbitrarily choose, as a starting point, a condition of the breathing circuit in which nitrogen is equal in lungs and spirometer. Suppose the concentration of nitrogen to be 50 per cent in spirometer, and 50 per cent in lungs, at the end of an inspiration; the alveolar CO2 5 The above calculation is, of course, based upon a schematic representation of pulmonary dead space and other functions, but is probably sufficiently accurate to indicate the general mechanism of the effect under consideration. Certain factors have also been omitted, as for example, nitrogen excretion from the lungs during the closed circuit breathing. This is considerable in total amount, but probably occurs chiefly during the first four or five minutes of the breathing period (5), and therefore should not greatly affect the equilibrium in the 6th, 7th and 8th minutes. The influence of water vapor pressure has also not been taken into account. The entire system is moist, and probably saturated, and as the temperature in inspiratory and expiratory tubes is nearly the same, this factor need not be considered for the immediate problem under discussion.
It is apparent from the above arguments, and from the experimental data, that in the breathing system which we have employed, with progressively decreasing inspired oxygen, equal mixture of an inert respired gas such as nitrogen not only does not exist but cannot exist, so long as there is even a partial mixture of inspired gases within the lungs and a sampling of the mixed gases in the expired air. We suggest that the constant N2/H2 ratio, found by Van Slyke and Binger (1) in their experiments, should be interpreted as indicating only an equilibrium state with respect to these gases in the various parts of the system, not an equality of concentration throughout all parts.
For purposes of simplification we have assumed in our calculations complete and even mixture of intrapulmonary gases. This is, of course, not strictly true, as shown by Siebeck (6) and more recently by Sonne (7) . An approximate estimate of completeness of mixture can be obtained by comparing the CO2 and 02 concentrations of expired air (B) samples with the concentrations in deep alveolar samples, taken a few seconds later. A correction is made for the gas exchange taking place during this time (usually about 5 seconds). Thus, if one takes the figures for the 8th minute expired air (Table I , (B) sample), 5.4 per cent CO2 and 39.0 per cent oxygen, and uses an average value for functional residual air (for A.C.) of 2400 cc., the CO2 content of residual air will be 129.6 cc. through the expirable part of the functional residual air is good, in this subject; the oxygen somewhat diminished in concentration in the deep alveolar specimen. There is, however, no large discrepancy; and mixture of gases through alveolar spaces can therefore be considered fairly satisfactory, so far as distribution of nitrogen is concerned.
The question remains whether the principles of mixture which we have just outlined are sufficient to explain the entire discrepancy between expired nitrogen values with decreasing oxygen in inspired air, as compared with these values with constant or increasing inspired oxygen. Our calculations indicate that quantitatively these principles are sufficient to explain this discrepancy. Whether there are also in the human lungs other methods of mixing or distributing successive inspired breaths, cannot be determined from present data.
The practical value of the above considerations is their application to the determination of residual air. In normal individuals the nitrogen concentrations of the alveolar air samples (corrected) can be taken to represent, approximately, the average nitrogen concentrations throughout the residual air. If determinations of alveolar air are made, therefore, both before and at the end of the period of breathing through the closed circuit, and the nitrogen concentration of the air in the spirometer determined as in the manner prescribed by the method of Christie (3) It is not actually necessary, for the purposes of this formula, to correct the alveolar samples for the number of seconds taken in obtaining them; inasmuch as the correction will be the same for each sample and will therefore cancel out as the equation is solved for V.
The above equation represents volumes at the temperature existing in the apparatus; after V has been calculated, the actual volume of air in the lungs is then obtained by correcting for the increase due to the temperature (370 C.) within the lungs; as has of course been described by Christie and others.
There is also a further small correction theo. retically necessary due to the excess pressure of water vapor within the lungs (which must occupy some space). This pressure amounts to about 46 mm. in the lungs, and about 25 mm. in the apparatus at room temperature. The correction gives another slight increase to the figure for actual functional residual air; the ratio by which the calculated lung volume is multiplied being 760_25 1.02. This correction in normal sub-760-46 jects amounts to only about 50 cc. and may be neglected.
The correction provided by the inclusion of values of actual alveolar air (or expired air), in the calculation of functional residual air, is not negligible, as will be seen from 
